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In the last few decades, the survival rates
of preterm babies and full-term babies
with severe diseases have increased due to
advances in perinatal care. Understand-
ably however, higher survival rates have
not been accompanied by an overall reduc-
tion of morbidity, so that limitation of
long-term neurodevelopmental abnormal-
ities remains a major challenge of early
care (Plaisier et al., 2014). The possibil-
ity to better predict the outcome of new-
borns at neurodevelopmental risk is essen-
tial to inform early intervention, to allow
best allocation of resources, and to min-
imize long-term consequences. Unfortu-
nately, clinicians continue to possess lim-
ited ability to predict neurodevelopmen-
tal outcomes, mainly relying, in most set-
tings, on early findings at cranial ultra-
sound (cUS).
Recent studies (Smyser et al., 2012)
have proven the power of magnetic
resonance imaging (MRI) superior to
other neuroimaging modalities, including
cUS, in detecting cerebral injury. Neona-
tal MRI provides non-invasive, high-
resolution images in less than 1 h; scans
are performed without sedation eliminat-
ing the risk and the costs associated to it and
are not associated to radiation exposure, as
for computerized tomography (CT). The
application of MRI in the neonatal popu-
lation is rapidly increasing, making MRI
one of the key diagnostic tools for the
assessment of early brain development and
injury.
In specific clinical groups, such as for
example very preterm infants, cerebral MRI
should become part of standard clinical
care and should be systematically per-
formed at term equivalent age (TEA).
Accurate assessment of cortical folding at
TEA provides an important marker for
structural brain growth and maturation.
Myelination of the posterior limb of the
internal capsule (PLIC) at around 36–
38 weeks gestation, identifiable on T1 but
also on T2-weighted images, is another
important maturational hallmark, since its
presence and symmetry are very powerful
in predicting motor outcome. MR imag-
ing is superior to cUS also in detecting
diffuse white matter (WM) injury. Indeed,
although cystic periventricular leukoma-
lacia is seen less often, diffuse non-cystic
types of WM injury, including punctate
WM lesions and diffuse excessive high sig-
nal intensity, are most frequent and are
considered the leading cause of disturbed
brain growth, connectivity, and function-
ality. The predictive power of conventional
MRI in this domain remains relatively low,
as it is not sensitive enough to analyze
changes in microstructure; however, it is
greatly enhanced by the use of advanced
MR techniques targeting the WM, such as
diffusion tensor imaging (DTI), that can
help analyzing brain growth in extremely
preterm babies in the absence of evident
WM abnormalities (Ramenghi et al., 2009).
Diffusion tensor imaging (DTI) is a
relatively new MR modality that assesses
water diffusion in biological tissues at
microstructural level. The diffusion tensor
describes an ellipsoid in space character-
ized by the diffusion eigenvalues (λ1,λ2,λ3)
in the three orthogonal directions and their
corresponding eigenvectors. In brain WM,
axial diffusivity (λ1) is oriented along the
direction of the main tracts and radial
diffusivity (λ2 and λ3) is oriented per-
pendicular to these tracts. Average dif-
fusivity (Dav) reflects the mean of these
eigenvalues and it is an indicator of brain
maturation and/or injury. Dav decreases
with increasing age probably for decreas-
ing water content and increasing complex-
ity of WM structures with myelination.
Fractional anisotropy (FA) reflects the vari-
ance of the eigenvalues, ranging from 0
(isotropic diffusion) to 1 (anisotropic). The
diffusion is mainly anisotropic because the
water molecules preferentially move in the
direction of fascicles of axons (Adams et al.,
2010). In the white and gray matter, there
is similar water content but different Dav
value probably because the WM is less
restrictive to water motion. Brain water
content decreases with increasing gesta-
tional age and this mostly increases the
WM anisotropy values. This increase has
also been attributed to changes in WM
structure associated with histologic matu-
ration, and it takes place at different rates in
different brain areas [the main areas ana-
lyzed are in commissural tracts, the corpus
callosum (CC), and in projection tracts,
the corticospinal tracts (CSTs)]. Develop-
mental changes in anisotropy of cerebral
cortex reflect changes in its microstruc-
ture, such as the arborization of basal
dendrites of cortical neurons, the innerva-
tion of the cortical plate by thalamocorti-
cal and cortico-cortical fibers, all processes
which are important basis of later func-
tional connectivity (Huppi and Dubois,
2006). Because there are strongly pre-
ferred directions of diffusion, it is possi-
ble to create color maps of neonatal brain
with diffusion tensor post-processing tech-
niques. The color maps are based on major
orientation with red representing right–
left, green representing antero–posterior,
and blue representing superior–inferior
anatomical directions (De Bruïne et al.,
2013) (Figure 1).
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FIGURE 1 | Color anisotropy maps.
Preterm birth can cause white mat-
ter injuries (WMIs) and consequently
can cause change in FA and diffusiv-
ity. Decreased FA in the CC of preterm
babies scanned at TEA is rather com-
mon and implies less efficient transmis-
sion between the hemispheres and may
lead to language problems and cognitive
dysfunctions. Regions with increased FA
in a preterm baby may be attributed to a
loss or to an impairment of WM instead
of improved WM maturation (Li et al.,
2014). Disorders of motor function can
be tested in clinical practice with DTI.
In children with congenital hemiparesis,
there are different diffusion characteristics
of CSTs compared to healthy one. There is
an increasing FA asymmetry and a decrease
in FA value in the affected pyramidal
tract.
A recent extension of DTI is tractogra-
phy, which is a powerful tool that offers the
possibility of non-invasive identification
of specific WM pathways and connec-
tions in the brain. The general principle
is to connect adjacent image voxels fol-
lowing water diffusion. Directional coher-
ence of the fibers in a pathway is used
to determine the presence or absence of
connectivity between two regions of the
brain. Tracking of the fiber-trajectories is
terminated when they turn of too much
degrees between two successive voxels. The
main regions of interest include the CSTs,
the CC, and optic radiations (OR). The pri-
mary goal should be to understand the nor-
mal relationship between structural and
functional networks of these structures
but there are few data in preterm babies
(Brown et al., 2014). Preterm birth corre-
lates with reduced connectivity, and it is
very difficult to establish normal value for
all gestational ages. Maturation does not
occur simultaneously in the brain infact,
for example, connectivity increases ear-
lier in the occipital lobe and then in the
frontal area. The postnatal age and WMI
are additional confounding factors of dif-
fusion metrics (Pannek et al., 2014). Nev-
ertheless, the primary difference between
DTI and conventional imaging is the capa-
bility of DTI to often detect injury ear-
lier. This could anticipate the diagnosis
of brain damage and might offer advan-
tages in the future for deciding early inter-
vention or administration of neuroprotec-
tive agents. Further studies will be needed
to confirm whether these new techniques
may predict neurodevelopmental outcome
and whether they are equally applicable
to all the pathways of the central nervous
system.
REFERENCES
Adams, E., Chau, V., Poskitt, K. J., Grunau,
R. E., Synnes, A., and Miller, S. P. (2010).
Tractography-based quantification of corticospinal
tract development in premature newborns.
J. Pediatr. 156, 882–888. doi:10.1016/j.jpeds.2009.
12.030
Brown, C. J., Miller, S. P., Booth, B. G., Andrews, S.,
Chau, V., Poskitt, K. J., et al. (2014). Structural
network analysis of brain development in young
preterm neonates. Neuroimage 101, 667–680. doi:
10.1016/j.neuroimage.2014.07.030
De Bruïne, F. T., Van Wezel-Meijler, G., Leijser, L.
M., Steggerda, S. J., Van Den Berg-Huysmans,
A. A., Rijken, M., et al. (2013). Tractography of
white-matter tracts in very preterm infants: a 2-
year follow-up study. Dev. Med. Child Neurol. 55,
427–433. doi:10.1111/dmcn.12099
Huppi, P. S., and Dubois, J. (2006). Diffusion tensor
imaging of brain development. Semin. Fetal Neona-
tal Med. 11, 489–497. doi:10.1016/j.siny.2006.07.
006
Li, K., Sun, Z., Han, Y., Gao, L., Yuan, L., and Zeng, D.
(2014). Fractional anisotropy alterations in indi-
viduals born preterm: a diffusion tensor imaging
meta-analysis.Dev.Med.ChildNeurol.doi:10.1111/
dmcn.12618
Pannek, K., Scheck, S. M., Colditz, P. B., Boyd, R. N.,
and Rose, S. E. (2014). Magnetic resonance dif-
fusion tractography of the preterm infant brain:
a systematic review. Dev. Med. Child Neurol. 56,
113–124. doi:10.1111/dmcn.12250
Plaisier, A., Govaert, P., Lequin, M. H., and Dudink, J.
(2014). Optimal timing of cerebral MRI in preterm
infants to predict long-term neurodevelopmental
outcome: a systematic review. AJNR Am. J. Neuro-
radiol. 35, 841–847. doi:10.3174/ajnr.A3513
Ramenghi, L. A., Rutherford, M., Fumagalli, M., Bassi,
L., Messner, H., Counsell, S., et al. (2009). Neona-
tal neuroimaging: going beyond the pictures. Early
Hum. Dev. 85(10 Suppl.), S75–S77. doi:10.1016/j.
earlhumdev.2009.08.022
Smyser, C. D., Kidokoro, H., and Inder, T. E.
(2012). Magnetic resonance imaging of the brain
at term equivalent age in extremely premature
neonates: to scan or not to scan? J. Paediatr. Child
Health 48, 794–800. doi:10.1111/j.1440-1754.2012.
02535.x
Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 11 November 2014; accepted: 23 December
2014; published online: 20 January 2015.
Citation: Giampietri M, Bartalena L, Guzzetta A,
Boldrini A and Ghirri P (2015) New techniques in the
study of the brain development in newborn. Front. Hum.
Neurosci. 8:1069. doi: 10.3389/fnhum.2014.01069
This article was submitted to the journal Frontiers in
Human Neuroscience.
Copyright © 2015 Giampietri, Bartalena, Guzzetta,
Boldrini and Ghirri. This is an open-access article dis-
tributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with
these terms.
Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1069 | 2
